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Introduction
Scheelite is a calcium tungstate mineral with chemical formula CaWO 4 . At ambient pressure (10 -4 GPa) and room temperature (RT), it crystallizes in a tetragonal structure with space group (SG) I4 1 /a, Z = 4. Many orthotungstates, orthomolybdates [1] , and other compounds are crystallographically isostructural to scheelite. They are technologically important materials and have a long history of practical application. Among various applications, orthotungstates are used as solid-state scintillators [2,3], laser-host materials [4] , and in optoelectronic devices [5] [6] [7] . In particular, due to their large x-ray absorption coefficient and scintillation output, orthotungstates are very popular for detecting x-rays and γ-rays in medical applications.
The scheelite structure can be described as a highly ionic crystal with Ca +2 cations and tetrahedral WO 4 -2 anions forming a cubic close-packed array [1] . It can be visualized as an assembly of isolated WO 4 tetrahedra that are corner connected by CaO 8 dodecahedra [8]. experiments in CaWO 4 were performed at the beginning of the present century [12] . They were carried out without PTM and the wolframite structure was assigned as the HP phase of comparing the patterns measured at 7 and 10.4 GPa. As we will show below, the XRD patterns measured from 10.4 to 28 GPa can be assigned to the fergusonite structure. Upon decompression to ambient pressure, the scheelite structure is fully recovered (see Fig. 2 ). 5 The transition pressure is more than 1 GPa smaller than the transition pressure reported in less hydrostatic experiments [13, 14] . Rietveld refinements obtained for the low-and highpressure phases at pressures of 0.3 and 24.6 GPa, respectively, are shown in Fig. 2 together with the measured patterns. The small R-factors and residuals (see Table I and Fig. 2 ) support the assignation of the scheelite structure for the low-pressure phase up to 8.8 GPa and of the fergusonite structure to the HP phase. Note that in the XRD patterns, in addition to the Bragg reflections of the sample there are peaks assigned to Ne. One of them is marked with arrows in Fig. 2 and can be easily identified. Another fact to remark is that no evidence of a second transition is found in our experiments up to 28 GPa. This is consistent with theoretical calculations [14] which predict a transition from fergusonite to an orthorhombic structure at 29 GPa.
Results and Discussion
Since the occupancy and the atomic displacement factors are correlated and sensitive to background subtraction [33] , in order to reduce the number of free parameters in the refinement, the occupancies of all atoms were constrained to 1 as established by stoichiometry. The isotropic displacement parameters were fixed as 0.5 Å 2 [33] . In addition to the unit-cell parameters, for scheelite we also refined the oxygen atom positions (Ca and W positions are fixed by the structure symmetry). The oxygen atom positions were determined at the lowest pressure (0.3 GPa) without imposing any restraint. At higher pressure we used the oxygen atom positions obtained at 0.3 GPa as initial values for the refinements. We found that, within the pressure range of stability of the scheelite structure, the pressure changes in the oxygen atom internal parameters were comparable with experimental uncertainties. In the case of fergusonite, the positions of Ca, W, and O were refined [14] . Table I provides . Those refined for the fergusonite structure are similar to the atomic positions given in Ref. [14] .
In order to clearly show the qualitative differences between the XRD patterns of scheelite and fergusonite and to demonstrate that our HP phase cannot be explained by a wolframite structure, in Clearly, there are several Bragg peaks of the HP phase that cannot be explained by the wolframite structure. Additionally, this structure implies the existence of two Bragg peaks near 6.5º which are not observed in our experiments.
We will discuss now the behaviour of scheelite in its stability range. From the measured patterns, we obtained the pressure dependence of the unit-cell parameters. In Fig.   4 we show these results, and the pressure dependence of unit cell volume and axial ratio c/a GPa -1 and κ c = 3.6(1)·10 -3 GPa -1 ; thus κ c /κ a = 1.6(1). This fact implies that the anisotropy of . 1 ) the compression of the c-axis is larger than that of the a-axis. Third, within the accuracy of the experiments, it cannot be definitively determined whether the CaO 8 dodecahedron becomes more regular under compression or not.
We will discuss now the changes induced by pressure in the crystal structure of the HP phase of CaWO 4 . In Fig. 6 the pressure evolution of the unit-cell parameters, the unitcell volume, and the axial ratio are compared with previous experiments and with the lowpressure phase [8, [12] [13] [14] 19] . At the phase transition, we found that the a and c lattice parameters of fergusonite diverge more rapidly from the a lattice parameter of scheelite than in the experiment carried our using silicone oil as PTM. We consequently detect a discontinuity in the volume that was not previously observed in other experiments where the scheeelite-to-fergusonite phase transition occurs. The contraction of the volume at the transition is ~1%. In addition, Fig. 6 shows that the HP phase is less compressible than the scheelite phase. Another fact to remark is that we found a non-linear behavior of the unitcell parameters. In particular, beyond 12 GPa the a-axis of fergusonite, which in the first compression steps increases upon compression, bends towards the pressure axis. The change on the behavior of the a-axis implies a reduction of the spontaneous strain induced in the monoclinic structure beyond 15 GPa [17] . It is noticeably that a similar non-linear behavior of Raman phonons has been observed in fergusonite CaWO 4 [11] , changing the evolution of Raman modes at the same pressure where we observed the change of the pressure dependence of the unit-cell parameter a. For the fergusonite phase we have also determined an EOS, with the parameters V 0 = 308(2) Å 3 , B 0 = 93(4) GPa, and B 0 ' = 4 (fixed). Another fact that can be seen in Fig. 6 is that the β angle of fergsuonite gradually increases upon compression and that the axial ratios b/a and b/c follow a nonlinear evolution. Both facts lead to an enhancement of the monoclinic distortion of fergusonite.
Under compression CaWO 4 has been identified in three different polymorphs: scheelite, fergusonite, and wolframite. Wolframite has been only observed in experiments done under highly non-hydrostatic conditions [12, 19] . In Ref [13] it was stated that wolframite could have been misidentified in previous works. Consequently we have considered that possibility. We found that XRD patterns assigned to wolframite in Refs. [12] and [19] cannot be indexed with the fergusonite structure because it fails to explain many of the observed Bragg peaks. In contrast, the XRD patterns can be fit with the wolframite structure. Thus, we will consider for the next discussion that wolframite CaWO 4 can be obtained under non-hydrostatic pressure. In spite of that, we would like to note that, due to experimental drawbacks, EDXRD (the technique used in the studies where wolframite was found) is not the most accurate technique to solve an unknown crystal structure. Therefore, it is possible that the HP phase found under not hydrostatic conditions could have a structure similar to wolframite, but not exactly it. However, the crystal structure of that phase should not differ considerably from wolframite. What is clear after the present experiment is that in order to check rigorously whether a phase transition from scheelite to fergusonite or wolfamite occurs at HP the use of hydrostatic and non-hydrostatic HP conditions in comparable experiments is needed. However, the comparison of scheelite, fergusonite, and wolframite structures could shed light on the transition mechanisms.
In wolframite the coordination number of Ca decreases from eight in scheelite to six, but the coordination number of W increases from four to six. In contrast, the fergusonite structure (as scheelite) is built of WO 4 tetrahedra and CaO 8 dodecahedra. Indeed, fergusonite can be considered as a monoclinic distortion of scheelite [17] . In Fig. 7 we show 11 the fergusonite structure of CaWO 4 to highlight its similitude to that of scheelite. In previous studies [13, 14] it was suggested that the scheeelite-to-fergusonite transition is caused by a slight distortion of WO 4 tetrahedra and a more important distorsion CaO 8 . However, in the present experiment a small volume discontinuity (~1%) is detected, pointing out to a first-order transition. Anyway, this discontinuity is smaller than the 2% volume collapse observed in the experiment in which the scheeelite-to-wolframite transition was found [12] . This is consistent with the suggestion that the scheelite to wolframite transformation increases the effective cation coordination with the consequent response to the demand of compression as a more efficient packing. Fig. 1 and Fig. 7 it can be seen that fergusonite differs from scheelite basically by the fact that in fergusonite the cations form a zigzag chain where there is a small shift between the position of Ca and W. This fact can bring some light into the scheelite-fergusonite transition mechanism. Apparently, it can be attributed to small displacements of the Ca and W cations from their high-symmetry positions. This movement of the cations would induce changes in the O positions, polyhedra distortion, and a gradual tilting of the WO 4 tetrahedra. Nevertheless, in the fergusonite structure, certain features of the scheelite structure are conserved. Therefore, the scheelite-fergusonite transition can be considered as displacive, which is consistent with the small free energy difference between both structures found by ab initio calculations [14] . After the transition, the monoclinic distortion of fergusonite CaWO 4 continuously increases from 10.4 GPa to 28 GPa as described above. As a consequence of it, the above described atomic displacements will be enhanced. A result of it is the augment of the splitting of Bragg peaks that can be seen by comparing the XRD patterns measured at 10.4 and 24.6 GPa (see Fig. 2 ). Another interesting consequence of the gradual changes induced by pressure in the fergusonite structure is the evolution of the tungsten coordination number from 4 at 10.4 GPa to 4 + 2 at 24.6 GPa. At this pressure, there are three double-degenerated W-O distances 1.742(9) Å, 1.743(9) Å, and 2.483(9) Å with the last distance only 7% larger than the average Ca-O bond distance, 2.312(9) Å, at the same pressure. It's likely, as in the case of PbWO 4 [41] , that the fergusonite structure may play the role of bridge phase between the scheelite structure, composed of WO 4 tetrahedra, and a HP structure containing WO 6 octahedra; like the orthorhombic structure predicted by theory [14] for pressures higher than those covered by experiments. 
By comparing

Concluding Remarks
We have studied CaWO 4 under compression at room temperature by means of XRD using synchrotron radiation. When compressed using Ne as PTM, we undoubtedly found that CaWO 4 transforms from its low-pressure tetragonal structure (scheelite) into a monoclinic structure (fergusonite). We have also determined the pressure evolution of the unit-cell parameters and unit-cell volume for the scheelite and fergusonite structures of Ref. [12] , dark yellow stars refer to data with methanol-ethanol as PTM from Ref. [8] , blue squares refer to data with He as PTM from Ref. [13] , magenta up triangles refer to data with silicon oil as PTM from Ref. [14] and cyan right triangles refer to 16:3:1 methanol-ethanolwater as PTM Ref. [19] . Solid lines are quadratic fits included only for the sake of following the tendencies . [19] ). For the volume-pressure data, the red lines represent the EOS of the scheelite and fergusonite phases. The evolution of the β angle versus pressure for the fergusonite phase is reported in an inset. 
